We theoretically propose a new procedure of designing quasi-phase-matching (QPM) gratings for compressing optical ultra-short pulses during second-harmonic generation. The grating consists of blocks of crystal with same block length and the direction of spontaneous polarization of each block is determined by optimal algorithm, by which the sign of the nonlinear coefficient of each block is optimized to make the phase response of the grating same for different wavelength at second harmonic waves, so that the generated second harmonic pulse from the end of the crystal will be compressed.during nonlinear optical frequency conversion process.
conversion, especially second-harmonic generation, has been used for pulse compression, [3] [4] [5] [6] extending the wavelength range that is accessible to ultrafast laser systems. It was shown that a chirped-grating quasi-phase-matched (QPM) second-harmonic (SH) generator can provide significant effective dispersion at the SH wavelength relative to the fundamental wavelength, which eliminating(s) the need for dispersive delay lines in some ultrafast laser system [3] [4] [5] [6] . These monolithic devices are far more compact than diffraction-grating-based or prism-based dispersive delay lines and offer high power-handling capability. Pulse compression with longitudinally nonuniform QPM gratings, can be most intuitively understood in the time domain. For chirped fundamental (input) pulses, frequency components correspond to temporal slices. These temporal slices are frequency doubled at positions in the material where the grating period quasi-phase matches the interaction. By choosing the location of each spatial frequency component of the grating, one determines the time delay of each temporal slice of the fundamental pulse experiences relative to the second harmonic. If the chirp rate (aperiodicity) of the QPM grating exactly matches the chirp of the input pulse, then the generated output pulse has its entire spectral component coincident in time, so the SH wave is compressed.
QPM gratings generally use sign reversal of the nonlinear coefficient along the crystal length in a periodic or aperiodic fashion; i.e., mathematically, 
We defined a kind of gratings which consists of blocks of constant length of the crystal whose spontaneous polarizations, i.e. signs of the nonlinear coefficient, is arbitrary along the propagation direction. Compared with that of periodic domain inversion, this kind of structure can supply more reciprocal vector. By optimizing the domain structure, the generated second harmonic waves have the same phase for different wavelength. It is naturally expected that the second harmonic pulse can be compressed. In our method, the length of the domain block is fixed and can be selected artificially, so the difficulty of poling can be alleviated compared with that of chirped domain inversion gratings [3] [4] [5] [6] [7] [8] . Furthermore, this method can be employed when the input fundamental pulse with arbitrary amplitude and phase distribution.
Theoretical investigation
We begin the analysis with the coupled wave equations expressed in the frequency domain by considering an aperiodical QPM grating of length L with longitudinally optionally 
Where ˆ( , ) 
where ( , ) E z t is the electric field and 0
By the assumption of the slowly varying amplitude approximation, an undepleted pump, and a plane-wave interaction, the coupled wave equations governing the propagation of the
FH envelope 1 ( , )
A z Ω and SH envelope 2 ( , ) A z Ω as follows (here and in the remainder of paper we use the subscript 1 to denote the FH and the subscript 2 to denote the SH);
where the nonlinear polarization ˆ( , )
From the Eq. (5) -Eq. (7), the solution of the FH envelope 1 ( , ) A z Ω and SH envelope 2 ( , ) A z Ω are:
Where ˆ( ) ( )e x p ( 
It is noted that Eq. (8) Assuming that GVD and higher-order dispersion terms at the FH and SH wave-pulse can be ignored, the grating can acts as a transfer function. 7, 8 Considering second harmonic generation interaction 1
A Ω in Eq. (9), the Eq. (9) is simplified into
Numerical investigation and discussions
As an example, we consider the case of SHG pumped by a linearly chirped Gaussian FH pulse with optical carrier frequency 0
ω , e 1 power half-width 1 τ and real (temporal peak)
amplitude 0 E . the time-domain envelope of the electric field that corresponds to this pulse is
Using the frequency-domain envelope definition, we obtain 1 ( ) A Ω for this pulse as
According to Eq. (10), 2 ( ) A Ω is determined by the modulated nonlinear coefficient ) (z d and the crystal length L , the block numbers n . In our simulations, L and n is fixed, so our target is try to find the best distribution of the signs of the nonlinear coefficient in that the generated SH pulse can be compressed. If the amplitude and phase of the continue wave component whose frequency varies among the spectra of the input Gaussian pulse are known, we will seek for the optimal distribution of the nonlinear coefficient of the grating whose phase response is the same for all frequency components of SH waves. It will lead the output SH pulse to be compressed.
In our calculations, the genetic algorithms are employed to search for the best distribution of the sign of the nonlinear coefficient. In order to obtain compressed SH pulse with higher conversion efficiency and shorter pulse width. We should optimize two parameters: amplitude and phase of SH pulse. At the first simulation stage, we found that the probability to find the best distribution of nonlinear coefficients of blocks is very low when simple genetic algorithm is applied. In order to enhance the probability, an improved genetic algorithmscascading genetic algorithms is proposed. First, we use simple genetic algorithms to generate relatively good result, and save it. Redo it for several times (times need to be pre-determined). Afterwards, according to selection rules, we select proper individuals from the saved results as initial population of the simple genetic algorithms. In the final simple genetic algorithms, we adopt the elitist model, so that the best result can be handed down during the calculation. Finally, we obtain the desired result when the pre-determined calculation times reach. The flow chart of cascading genetic algorithms is shown as follows In the simulations, the parameters of the input FH pulse are taken as: 0 τ =24.0fs
(FWHM is 40.0fs), C 1 =20 2 0 τ , so the e 1 power half-width 1 τ is calculated to be 481.0fs.
The center wavelength of FH is 800nm, the nonlinear optics crystal is lithium niobate and the temperature T is 25℃. The refractive index of lithium nioabte for different wavelengths are calculated from the Sellmeier data of Ref.9, the length of the grating L is 5mm, the length of each block l is chosen as 8μm, 6μm and 5μm, respectively. d(z) is optimized not only make the phase response of SH wave almost same at the output, but also make more frequencies meet QPM condition. The results are shown in Fig. 2 . After optimization of domain inversion structure, the phase of generated SH becomes uniform for the wavelengths from 387nm to 413nm. The calculated results also indicate the efficiency is higher for shorter block length and more FH wavelengths can be effectively converted into SH. The synthesized SH pulses are plotted in Fig. 3 . The ideal e 1 power half-width pulse (all frequencies can be converted into SH) duration for transform-limited is 17.0fs (FWHM is 28.3fs). The calculated SH pulse duration (FWHM) is 33.5fs, 32.8fs and 31.0fs respectively, which are very close to theoretical value. Because of the limited acceptance bandwidth of the grating (lead to the spectral truncation of frequencies conversion), the SH pulse is broaden. For fixed block length l , the converting efficiency is higher when the grating length is longer. The grating length L should be properly chosen considering the converting efficiency and the group-velocity mismatch between FH and SH. In order to match the practical fabrication procedure and test the stability of the designed grating, we study the influence of random fluctuation in the length of blocks. In our calculations, we assume that the fluctuation of the block length due to the fabrication process obeys the normal distribution N σ is normal distribution function and σ is standard deviation. By numerical simulations, we find that whenσ is set to be 0.1 m μ , the width of the generated pulse is increased by about 5% of the original one (the block length is 5 m μ ). When the value of σ is further augmented, the width of the generated pulse increases, the pulse becomes unsymmetrical and eventually the shape of the pulse becomes irregular. In an additional, the simulation results also show that the stability of the grating with shorter block length is better than those with longer block length.
Conclusions
In summary, we have theoretically demonstrated a new procedure for designing a domain inversion grating which can cause SH waves compressed during the second-harmonic generation. The improved genetic algorithm is used to optimize the distribution of the nonlinear coefficient of each block to make the phase response the same for frequencies within the spectra of the input pulse. In our numerical simulations, the generated SH wave is successfully compressed to near ideal situation. Besides pulse compression, this method can also be applied for pulse shaping with arbitrary input pulse.
